Abstract: Temperature dependent two-photon and free-carrier absorption spectra of InSb are measured using femtosecond, picosecond, and nanosecond IR sources. Measurements over this substantial range of pulsewidths give results consistent with a recent theoretical model. © 2009 Optical Society of America OCIS: (300.6420) Nonlinear spectroscopy; (190.4400) Nonlinear optics, materials.
Introduction
The theory of scaling rules for multiphoton absorption in semiconductors was developed for N-photon absorption by Wherrett in 1984 [1] , predicting the absorption coefficient to be inversely proportional to the band-gap energy as E g 4N-5 leading to E g -3 for two-photon absorption (2PA) [1] . Those models were shown to work well for a wide range of bandgap energies using only a single fitting parameter [2] . The spectral dependence of 2PA in InSb has long been a subject of interest [3] , and 2PA and free-carrier absorption (FCA) have been the topic of research for many years [1] [2] [3] [4] [5] [6] [7] ; however, a study of the full 2PA spectrum at room temperature has not been presented, nor has the temperature dependence of 2PA been thoroughly investigated.
In this paper, the nonlinear absorption spectrum of InSb is measured using a combination of tunable ~160 femtosecond, ~14 picosecond, and ~150 nanosecond IR sources along with a cryostat for controlling the sample temperature and thus varying the bandgap energy from 0.1675eV to 0.2284eV. These temperature-controlled Zscan and nonlinear transmission measurements yield information about the 2PA, FCA, and recombination processes in InSb. The observation of a recently predicted temperature dependence of the FCA [7] is important in our analysis. Taking this into account, we find agreement for the temperature dependence of the 2PA spectrum over this large pulsewidth range. Additionally, results for 2PA are consistent with the scaling rules of the simple two parabolic band model [1, 2] . Using nanosecond pulses from a CO 2 laser enables the recombination rates to be determined through nonlinear transmittance measurements. Three-photon absorption (3PA) is also observed in InSb past the 2PA band edge at 80 K using 12 µm picosecond pulses and at 10K using 10.6µm nanosecond pulses.
Results and Discussion
Although the FCA cross-section, σ FCA , in InSb was previously accepted to be constant over the range of temperatures and wavelengths used in our experiments [6] , we have found from FTIR measurements of linear absorption (1PA) that it is temperature dependent as shown in Fig. 1 Temperature (K) λ = 10.6 µm Figure 1 . FCA spectral theory [7] and data from linear absorption at (a) 300K and (b) 10.6um.
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We determine FCA from transmittance changes in the Z-scan experiments [8] . Z-scan data for different energies cannot be fit with the same 2PA values when assuming only 2PA, indicating an additional absorption process. The additional absorption is due to free carriers excited by 2PA or 3PA. For low energy picosecond Zscans, with small changes in transmittance, ~5%, the number of photogenerated carriers is small enough for the fitting of 2PA to be considered independent of the FCA cross-section used. Therefore, the lowest energy data is fit preferentially to determine the 2PA or 3PA coefficient. For InSb at 80K (10K) 2PA is not allowed for 12µm (10.6µm) and 3PA is the dominant absorption process. The model, including temperature dependent FCA values from theory, is then compared to the higher energy data as shown in Figure 2(a) .
Total experimental error for fitting the 2PA coefficients was conservatively estimated to be ±50% as shown in Figure 2 (a) , and the FCA cross section values used for modeling were estimated to be correct within ±10% above 200K based on FTIR data and within ±50% below 200K from Z-scan data. The carrier population becomes too small at low temperature reducing the total linear absorption to less than 5% below 200K for this sample. Nanosecond experiments are used to test the validity of our full model, including the carrier recombination terms, for nonlinear transmission up to the laser-induced surface damage threshold. A single mode TEA CO 2 laser is used to obtain this data. Normalized nonlinear transmittance data recorded at 80K and 300K, with the corresponding fitting are shown in Figure 2 (b, c) . The measured 2PA absorption spectrum agrees well with the spectral shape predicted by both theories for temperature changes (80K-320K) at fixed wavelengths and spectral variation (8µm-12µm) at fixed temperatures.
The measured values agree with the theoretical predictions for 2PA [1, 2, 7] and 3PA [1] within error; however, the discrepancy between data trend and theory is larger near the absorption edge consistent with the possible influence of exciton enhancement [9] . A comparison of theory with the picosecond and nanosecond data shown in Figure 3 including exciton enhancement instead of an empirical constant (with K 2 = 3.10 eV 5/2 cm/MW) shows improved agreement. Therefore, it is suggested that properly including exciton enhancement could lead to better overall agreement between theory and experiment.
At wavelengths longer than the 2PA band edge, 3PA is the dominant absorption mechanism. This is the case for InSb at 80K with wavelengths longer than 10.9µm. In this work 3PA in InSb at 80K is determined by fitting picosecond Z-scan data shown in Figure 4 to be α 3 ≈ 0.025 cm 3 /MW 2 at 12µm. The agreement of this data with the model at larger irradiances further confirms the theory for FCA at low temperature. Recently we calculated the degenerate 3PA spectrum of ZnSe using third-order perturbation theory based on a Kane 4-band structure consisting of three valence bands (heavy-hole, light-hole, and split-off) and a conduction band [10] . This model for zincblende structures accounts for the non-parabolicity of the bands and non-zone-center wavefunctions. Our experimental 3PA results for ZnSe matched the measured spectral shape although the predicted values were a factor of 3.2 smaller than the experimental data for ZnSe. Our theoretical value for InSb at 80K using E g =0.228 eV is α 3 ≈ 0.012 cm 3 /MW 2 at 12µm which is approximately a factor of 2 smaller than the experimental value. Picosecond Data Nanosecond Data Krishnamurthy [7] Wherrett [1] Ref [7] with Exciton Ref [1] with Exciton 2PA Coefficient (cm/MW)
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Conclusions
We present an investigation of both the temperature and spectral behavior of 2PA and FCA in InSb using tunable IR sources with pulsewidths spanning 6 orders of magnitude from ~160fs to ~150ns. We compare our experimental results to predictions from a simple 2-parabolic band model [1] and to more recent calculations that include a much more accurate band structure [7] .
FCA cross sections are confirmed through modeling of 1PA, 2PA, and 3PA data. In order to obtain a consistent analysis of the 2PA spectra for nanosecond pulsewidths it is necessary to consider a temperature dependent free carrier cross-section. FCA cross sections were measured at and above 200K through 1PA via temperature controlled FTIR measurements and through temperature controlled linear transmittance of picosecond pulses. This along with FCA values used for the temperature range (80K-300K) to fit picosecond Z-scans and nanosecond nonlinear transmittance measurements confirms that the FCA cross section is temperature dependent as recently predicted by theory [7] . Recombination rates are included for modeling nanosecond data and indicate that these rates are also temperature dependent.
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